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Abstract
Rodents are the major remaining mammals in many terrestrial ecosystems after the historical loss of megafauna and large-bodied taxa.
Niviventer confucianus is a dominant habitat generalist in natural forests in most of China. It is also recorded as an important vector of
diverse zoonotic diseases. Here, three mitochondrial and one nuclear DNA fragments were sequenced from samples covering most of
the species range to study intraspecific genetic diversification and demographic history. Molecular voucher specimens of
N. confucianus revealed that its assumed distribution range has been overestimated because of the hitherto unrecognized separation
from parapatric species. Phylogenetic inferences recognized three geographically delimited intraspecific lineages that diverged at
approximately 1.28 and 0.68 Mya. Hengduan Mountains, the east margin of Qinghai Tibetan Plateau, and the mountains surrounding
Sichuan Basin were recognized as the major geographical barriers. Demographic analysis revealed dramatic population growth in
southwest, central, and northern China in the late Pleistocene, but only slight growth in Yunnan/Tibet. The population boom apparently
coincided with the reduction of predation and competition from the loss of megafauna in the late Pleistocene. Distributional ranges were
inferred to be fairly stable through the late Quaternary glacial-interglacial climatic oscillations, possibly enabled by the species’ seed
hoarding behavior and wide climatic tolerance. The demographic history of N. confucianus suggests that these rodents directly profited
from the loss of megafauna, while their most recent increases potentially led to the proliferation of zoonotic disease by this species.
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Background
While large-bodied mammals continue to decrease in the terrestrial ecosystems, a trend that started with the worldwide
loss of the megafauna at the end of the Pleistocene, a few
common species of small mammals, particularly rodents, have
greatly increased in abundance in recent decades. Several of
these widespread rodents, such as the invasive Rattus
norvegicus (Harper and Bunbury 2015), R. rattus (Aplin
et al. 2011), and Mus musculus (Jing et al. 2014), are ranked
among the worst agricultural and urban pests and act as reservoirs and vectors of zoonotic diseases. As climate change and
an increasing human population have dramatically reshaped
the natural ecosystems, presenting wild populations with novel conditions and stressors, this also changed the evolutionary
process and population dynamics of various species (Vander
Wal et al. 2013). According to monitoring by the National
Agricultural Technology Center of China over the past thirty
years, rodent damage has increased significantly (Ji et al.
2011; Guo et al. 2013). Despite the great attention paid to
the population dynamics of commensal rodents, we lack
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information on the evolutionary and demographic history of
wild pests that may help to understand the causes of their
expanding threat to agricultural and forestry production and
human health.
Mammalian faunas suffered massive extinctions and
changes in population dynamics in the late Quaternary.
Harsh climate conditions during glacial cycles and human
activities are thought to have contributed to population extinction and range contraction of various taxa (Zimov et al. 1995;
Louys et al. 2007; Lorenzen et al. 2011). However, the fate of
several small mammal species from southeastern and central
Asia may have been different from their contemporaries in
Europe and North America. For example, a recent study revealed three Leopoldamys species (L. herberti, L. sabanus,
and L. neilli) did not experience significant range contraction
during the last glacial maximum (LGM) (Latinne et al. 2015).
Chevrier’s field mouse (Apodemus chevrieri) (Yue et al.
2012), the Sichuan field mouse (A. latronum), and Irene’s
mountain vole (Neodon irene) (Fan et al. 2011) also showed
relatively stable demographic dynamics through the climatic
fluctuations of the Quaternary. Our recent study indicated that
a species complex, Niviventer andersoni and N. excelsior in
the Hengduan Mountains, did not suffer a prominent range
contraction and population decline during these climatic oscillations (Ge et al. 2017). However, the Chinese mole shrew
(Anourosorex squamipes) displayed demographic expansions
after the last interglacial period (He et al. 2015), and the longtailed hamster (Tscherskia triton) in northern China showed
consistent southern expansions during the LGM (Ye et al.
2015). These studies suggest mixed outcomes of the glacial
cycles for small mammal populations, which may depend on
ecological and physiological traits specific to each species.
Importantly, all of the above species are representatives of
either low or middle-to-high altitude habitats with relatively
narrow distribution ranges. However, it is unclear how habitat
generalists, which occupy a wide elevation range and are
dominant in the local communities, have responded to historical climatic changes, and how this information can be used to
predict future distributions.
Existing studies of the species composition of small mammal communities in China documented the oriental rat genus
Niviventer among the dominant taxa (Zheng et al. 2009; Fu
et al. 2015). Particularly notable is the abundance and wide
distribution of N. confucianus, an omnivorous species distributed from the Indo-China Peninsula and adjacent mountains
near southeastern Qinghai-Tibetan Plateau to the Loess
Plateau and northern China, ranging in elevation between
150 and 4000 m (Musser and Carleton 2005; Li et al. 2013).
Niviventer confucianus is a habitat generalist with high reproductive rate and broad climatic tolerance. It inhabits forests,
steppes, and farms, across a wide area of temperate China
(Corbet and Hill 1992). The dominance of this species in
natural communities has been reported in studies from the

southwest of China (Ma et al. 2010) and in the Dongling
Mountains of central China near Beijing (Li et al. 2004). In
our own field investigations, its dominance in capture rates
was evident not only in natural forests but also near human
settlements. However, it is unclear when and how
N. confucianus obtained dominance. A previous study using
mitochondrial DNA (including 55 individuals) identified three
geographically confined lineages and revealed how the complex topographical structure of the Hengduan Mountains contributed to phylogeographic differentiation of N. confucianus
(Chen et al. 2011), but this study covered only a part of the
distribution range of this species. Moreover, our recent phylogenetic reconstruction revealed that one of these lineages
(from Motuo, Tibet, China) included by Chen et al. (2011)
actually represents another Niviventer species. Specimens
from the southeast of China represent yet another closely related species, N. lotipes (Lu et al. 2015). Because of these
taxonomic uncertainties, the geographic range of
N. confucianus and its overlap with related species remain to
be assessed with DNA data.
Niviventer confucianus has been recorded as a major host
of hantaviruses, Babesiosis (Babesia microti) and Bartonella
bacteria (Wang et al. 2000; Saito-Ito et al. 2008; Cao et al.
2010; Lin et al. 2012). It is considered to be an important pest
that could cause serious health problems both for wildlife and
human populations, as well as being harmful for agricultural
and forestry production (Zhen et al. 2012). The concern about
this species raises the question about how it became widespread and abundant, and whether its apparently wide habitat
use and broad range of disease transmission can be ascribed to
different subpopulations that differ in ecological traits. The
fate of this species also may have been affected by the welldocumented extinction, range contraction, or population decline in several co-distributed large mammals since the late
Pleistocene (Gill 2014; Bartlett et al. 2016), which vacated
niche space and indirectly may have contributed to the rise
of a major human-disease vector. Understanding the distribution, demographic dynamics, and evolutionary history of
N. confucianus therefore is of great significance for ecological
safety in Southeast Asia and China.
Contemporary distributions and population dynamics in
N. confucianus have to be viewed in the light of its
Pleistocene history. According to the ‘resource-use hypothesis’, habitat generalists can flexibly use available resources in
different environments and experience lower rates of vicariance and extinction during environmental extremes (Vrba
1992). However, for temperate species the ‘expansion–contraction’ model of range contraction during cold periods and
range expansion during warm periods has been favored
(Provan and Bennett 2008). The wide elevational amplitude
and generalist habitat use of contemporary N. confucianus
populations lead us to hypothesize that this species experienced comparatively small range changes during the climatic
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extremes. Alternatively, as a typical temperate species subjected to the glacial cycles, N. confucianus may have experienced
range expansion during the interglacial, while climate cooling
during the glacial induced range contraction. Here, we explored the distribution, phylogenetic structure, and demographic history of N. confucianus from genetic variation in
mitochondrial and nuclear DNA fragments, based on extensive sampling throughout the species’ range across China.
Range shifts under different climatic conditions were inferred
by Ecological Niche Modeling (ENM). Through these analyses, we sought to understand the evolutionary history of
N. confucianus and to reveal the underlying processes that
have driven its dominance in natural communities.

Materials and Methods
Molecular Sampling and DNA Sequencing
The occurrences of N. confucianus were verified by extensive
sampling of murids carried out by the Institute of Zoology,
Chinese Academy of Science (IOZCAS), the National
Institute for Communicable Disease Control and Prevention
(ICDC), Chinese Center for Disease Control and Prevention,
the Zoological Institute, Russian Academy of Sciences, and
the Joint Vietnam-Russian Tropical Research and
Technological Center. About 1000 individuals were assigned
to species of the genus Niviventer during field collection. Total
genomic DNA of these samples was isolated from muscle
tissue using the Qiagen DNAeasy blood and tissue DNA isolation kit (Qiagen China, Pudong, Shanghai). PCR and sequencing primers were based on those from previous studies:
Cytochrome oxidase subunit I (cox1) and the D-loop sequence
of mitochondrial genome (D-loop) from Robins et al. (2007);
mitochondrial Cytochrome b gene (cob) from Irwin et al.
(1991); and the first exon of nuclear interphotoreceptor retinoid binding protein (IRBP) from Poux and Douzery (2004)
and Pages et al. (2010). PCR cycling conditions were based on
the studies reporting the respective primers. All PCR products
were directly sequenced in both directions with an ABI 3100
automatic sequencer (Perkin-Elmer, Waltham, Massachusetts)
using the ABi PRISM BigDye Ter m i n at o r C yc le
Sequencing Ready Reaction Kit with AmpliTaq DNA
p o l y m e r a s e ( A p p l i e d B i o s y s t e m s , F o s t e r C i t y,
California). A total of 395 new samples were identified
as N. confucianus in preanalyses.

Phylogenetic Analysis and Genetic Diversity
Alignments for each DNA fragment were conducted with
ClustalW implemented in Mega 6 (Thompson et al. 2002;
Tamura et al. 2013). We used DnaSP 5.10 (Librado and
Rozas 2009) to check the number of variable sites (NVS)

and PartitionFinder 2 (Lanfear et al. 2017) to select the best
partitioning schemes for three codon positions of cob, cox1,
and IRBP, and the entire fragment of D-loop. Locality information for these samples and accession numbers of DNA
sequences are given in Table S1.
Bayesian phylogenetic analyses of the cob, the concatenated datasets of mitochondrial DNA (mtDNA), and IRBP were
performed seperately with MrBayes 3.1.2 (Ronquist et al.
2012) under the same partitioning identified in the above analyses. Each partition was allowed a distinct rate multiplier. We
performed four independent runs of each dataset, each with
one cold and three heated Markov chains of 80 million steps.
Trees were sampled every 1000 steps and the first 25% trees
of each run were discarded as burn-in. Convergence was monitored using the standard deviation of split frequencies using
Tracer 1.5 (Rambaut and Drummond 2007a). Moreover, we
analyzed the genetic diversity of 13 representative populations
(332 individuals) that each included more than three individuals with all of four DNA fragments present.
A haplotype network for the cob sequences of
N. confucianus (492 individuals) was generated using
the median-joining algorithm of NETWORK 4.6.1.1
(Bandelt et al. 1999) under the maximum parsimony option to remove excessive links and median vectors
(Polzin and Daneshmand 2003).

Inferring Divergence Time among Lineages
The divergence time amongst genetic lineages within the
N. confucianus was determined by *Beast implemented in
BEAST 2.4.7 (Bouckaert et al. 2014), using the concatenated
dataset of the three mtDNA fragments and partitioning as defined above. Two individuals of N. bukit were used as outgroup
taxa. The earliest fossil records of N. confucianus were
unearthed from Longgupo Cave (N 109.66, E 30.83) and dated
to the Tianqiao period, approximately 1.08–1.85 Mya (Zheng
1993). The age of this cave and its stratigraphic history were
dated to the earliest Pleistocene confirmed by the presence of
primate fossils (Huang et al. 1995). We used this time range as
the soft bound in divergence time inferences. The analysis was
run for 80 million generations to reach stationarity.
TreeAnnotator 2.1.2 (Rambaut and Drummond 2007b) was
used to summarize the trees and the ESS of parameters was
checked with Tracer 1.5 (Rambaut and Drummond 2007a).

Estimating Demographic History
Tajima’s D (Tajima 1989) and Fu’s Fs statistics (Fu 1997)
(with 10,000 permutations) were used to test the neutral equilibrium model of evolution by using 13 representative populations that included more than three individuals. For each test,
we assessed significance by generating null distributions from
10,000 coalescent simulations of a neutrally evolving
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equilibrium model. These analyses were conducted on the
cob, cox1, D-loop, IRBP individually, and the concatenated
dataset of mtDNA. Second, we tested pairwise mismatch distributions for the signature of demographic expansion by
using the concatenated dataset of the three mtDNA fragments.
A unimodal mismatch distribution is apparent when the population experiences a sudden expansion. In contrast, multimodal and ragged mismatch distributions are indicative of a
stable or contracting population. These analyses were conducted in DnaSP 5.10 (Librado and Rozas 2009).
Moreover, we reconstructed the demographic history of
major genetic lineages by extended Bayesian skyline plots
(EBSP) in BEAST 2.4.7. We used the concatenated dataset
of mtDNA in this analysis. A strict molecular-clock model
was used with substitution models and clock models unlinked
among partitions. A range of 0.02–0.06 per million years was
used as the lower and upper values for clock rate as this range
was commonly used on mtDNA of small mammals (Suzuki
et al. 2015; Martin and Palumbi 1993). We used 0.5 as the
scale factor of population model because only the female
mtDNA contributes to the effective population size.
Divergence times inferred in the above analyses were used
as the ranges of divergence time for each lineage. For all
genetic lineages, analyses were run for 80 million generations,
sampling every 1000 steps and discarding the first 25% of
generations as burn-in. We performed each analysis twice to
test the convergence of the results. For all analyses, the ESS of
all parameters exceeded 200.

Inferring Ecological Differentiation and Natural
Geographical Barriers
To reveal the processes leading to the differentiation of genetic
lineages in N. confucianus, we extracted ecological and climatic parameters from each locality in ArcGis 9.0. These parameters included elevation, vegetation index as shown by the
normalized difference vegetation index (NDVI, the average
monthly value caculated from January to December in
1998), and 19 bioclimatic layers of the current period
downloaded from the WorldClim Database (http://
worldclim.org/current.htm). This dataset of NDVI is
pro vided b y the D ata Cen ter for Resou rces a nd
Environmental Sciences, Chinese Academy of Sciences
(RESDC) (http://www.resdc.cn). We tested the ecological
differentiation among different genetic lineages using single
factor analysis of variance (ANOVA) and mutiple factor analysis of variance (MANOVA) in Past 3.10 (Hammer et al.
2001). Moreover, we tested the association between genetic
and geographic distances in Barrier 2.2 by using the maximum difference algorithm (Manni et al. 2004). The cob data
covered the widest range of N. confucianus, so we used this
dataset in the analyses. Populations with more than three individuals were used to calculate genetic differentiation (Fst)

between each pair of populations in DnaSP 5.10. The geographical coordinates of each population were connected by
Delaunay triangulation, and the corresponding Voronoi tessellation was derived.

Ecological Niche Modeling
To visualize the effects of climate change on the range shifts of
N. confucianus, we modeled their historical, including last
interglacial (LIG) and last glacial maximum (LGM), current,
and future distributions. The geographic coordinates for each
locality were obtained from the collection records or by using
Google Earth (http://www.google.com/earth/index.html). A
total of 85 locations was included in these analyses. Eighty
percent of the occurrence data were randomly selected to
construct models and the remaining 20% was used to test
the model. The number of maximum interactions was set to
2000. The probability of suitable environmental conditions for
the species was quantified from 0 to 1 in each grid cell. The
performance of the models was verified by averaging areas
under the receiver operating characteristic curves (AUC) and
the binomial probabilities over ten replicate runs. To illustrate
the range shifts affecting N. confucianus, we selected the minimum training presence logistic threshold (MTPLT) to reclassify the value of raster files: values lower than MTPLT were
classified as B0,^ indicating absence area, while those higher
than MTPLT were classified as B1,^ suggesting presence area.
The presence of N. confucianus in the LIG, LGM, and future
was mapped on the current periods respectively, to illustrate
range shifts that occurred between these periods.
Data Availability Statement All DNA data used in the present
study are available in Genbank. Detailed distribution information of all samples included in this study are available in the
electronic supplementary material.

Results
Distribution Range of N. confucianus
Doubts about the established range of N. confucianus have
arisen in preliminary analysis that revealed samples from
Shangdong, near the type locality of N. c. sacer (Thomas
1908), were not clustered within N. confucianus, but instead
placed within N. bukit. In contrast, two paratypes of N. c.
naoniuensis (Zhang and Zhao 1984) from Zhaoan, Jilin (N
45.75, E 121.6), revealed that the morphology of these specimens differed greatly from all available molecular vouchers
of N. confucianus, but the molecular data supported their
placement within N. confucianus. According to our previous
study (Lu et al. 2015) and the localities of all molecular voucher specimens (including data from Genbank), the distribution
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of N. confucianus is mainly confined to mountainous regions
in the north of Southeast Asia, including the southwest to
central and north of China (Fig. 1), while records from the
southeast of China and Shandong Peninsula that were previously thought to be part of the range of N. confucianus, should
be considered as the sister species, N. lotipes and N. bukit,
respectively. We revised the distribution range of this species
on the map (Fig. 1).

Genetic Diversity, Phylogenetic Structure
and Divergence Time
The length of cob, cox1, D-loop, and IRBP alignments were
1132 bp (NVS = 158), 675 bp (NVS = 81), 524 bp (NVS =
101), and 1255 bp (NVS = 37), respectively. Analyses of 13
representive populations revealed haploytype diversity of
0.973, 0,927, 0.979, and 0.065 for cob, cox1, D-loop, and
IRBP (Table S2). Bayesian inferences based on cob and the
concatenated dataset of mtDNA identified three major lineages
within N. confucianus (Fig. 2a and b), while that of IRBP failed

Fig. 1 Distribution range of
N. confucianus. (a) yellow
triangles show all sampled sites of
Niviventer included in previous
studies (Balakirev and Rozhnov
2010; Balakirev et al. 2014; Lu
et al. 2015; Zhang et al. 2016) and
the present study. Pink circles
show the locations of
N. confucianus verified in the
present study as the accurate distribution of N. confucianus, which
is circled by the pink line. The
presence data were mapped on the
world topographic layer in Arcgis
[9.0]. (b) previous literature resource, including the current version of IUCN largely
overestimated the distribution
range (in pink) of N. confucianus
(Lunde and Smith 2016)

to recognize any clear phylogenetic structure (Fig. 2c).
Haplotypes of cob revealed three major lineages with star-like
structure in C2 and C3 (Fig. S1). The above lineages were
assigned to different portions of the network (Fig. S1a) and the
geographic distribution of haplotypes (Fig. S1b) revealed high
genetic endemism within this species. Molecular dating indicated
the separation of C1 from C2 plus C3 occurred approximately
1.28 Mya (1.08–1.67 as 95% HPD), and the separation of C2
and C3 was dated to approximately 0.68 Mya (0.3–1.06 as 95%
HPD) (Fig. 2b). These three lineages included samples from
northwestern Yunnan and southeastern Tibet (C1), from the
Hengduan Mountains to central and northern China (C2), and
confined to the Hengduan Mountains (C3) (Fig. 3 a).

Demographic History
Fu’s D test resulted in negative values for cob, cox1, IRBP,
and the concatenated mtDNA for most sub-populations. Fu’s
Fs was negative for most of these sub-populations and each of
the three lineages. Tajima’s D also showed negative values in
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Fig. 2 Intraspecific phylogeny of N. confucianus infered from molecular
data. Phylogenetic tree of N. confucianus from Bayesian inferences of
cob (a), the concatenated mtDNA dataset (b), and from IRBP (c). C1-C3

refer to three lineages discussed in the main text. Divergence times among
these three lineages are given below the branches in b

most populations for all of four DNA fragments with minor
exceptions (Table S2). These results were indicative of population expansion. Mismatch distribution analyses resulted in a
unimodal pattern for the entire dataset, which also revealed a
demographic expansion (Fig. S2). EBSP results demonstrated
population expansion in the three lineages since the late
Pleistocene (Fig. 4). A slight trend of population expansion
was identified in clade C1 from Yunnan/SE Tibet (Fig. 4b),
while dramatic population expansion was evident in lineages
C2 and C3, from southern to central and northern China (Fig.
4c, d). Population expansion was more recent in C2 than in
C3. Moreover, population expansion was corroborated by the
star-like structure of the C2 and C3 subnetworks (Fig. S1).

significant differences in elevational preference between C1
and C2, and C1 and C3, while that of C2 and C3 was
insignificant. However, ANOVA analyses revealed significantly different monthly average vegetation index between C2 and C3. Annual temperature (BIO1) and annual precipitation (BIO12) both significantly differed
between C1 and C3, and C2 and C3, respectively.
Among 19 climatic factors, the Isothermality (BIO3),
which quantifies how large the day-to-night temperatures oscillate relative to the summer-to-winter (annual)
oscillations, was significantly differed between each pair
of lineages. MANOVA analysis showed overall significant differences among C1, C2, and C3 both in Wilks´
lambda test and Pillai trace test. All results of ecological
differentiation are given in Table S3. Future analyses
identified the Hengduan Mountain region, the eastern
margin of the Qinghai-Tibetan Plateau and the mountains surrounding Sichuan Basin as the three most likely
geographical barriers for the genetic differentiation of
N. confucianus (Fig. 3b).

Ecological Differentiation and Geographical Barries
The average elevation of all sample localities of
N. confucianus was 1934.3 m, while lineage C1 showed
the highest average elevation (3274.4 m) compared to C2
(1500 m) and C3 (1863 m). ANOVA analyses showed
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Fig. 3 Phylogeographic structure, geographical barriers and potential
habitats of N. confucianus predicted in ecological niche modeling. (a)
phylogeographic distribution of N. confucianus mapped on the annual
precipitation records. The total numbers of sample from each locality
are provided below the circles. Original data for annual precipitation
were downloaded from World Clim (http://www.worldclim.org/) and
mapped on the world map in ArcGIS [9.0]. The colors of the circles
correspond to those of Fig. 2. (b) geographical barriers identified
through the analysis of molecular data. The red lines with arrows show
the location of geographical barriers: 1. The Hengduan Mountain region;
2. Eastern margin of the Qinghai-Tibetan Plateau; 3. Mountains surrounding Sichuan Basin. Abbreviation used in this figure: GSBS, Gansu,
Baishui River; GSWX, Gansu, Wenxian; GZZY, Guizhou, Zunyi;
HBSNJ, Hubei, Shennongjia; HBWH, Hubei, Wuhan; HNLZ, Henan,

Linzhou; JLLN, Jilin and Liaoning; NX, Ningxia; QHXH, Qinghai,
Xunhua; SCBX, Sichuan, Baoxing; SCELS, Sichuan, Erlangshan;
SCGGS, Sichuan, Gongga Mountain; SCHSH, Sichuan, Heishuihe;
SCJJS, Sichuan, Jiajin Mountain; SCJL, Sichuan, Jiulong; SCKD,
Sichuan, Kangding; SCLJS, Sichuan, Longjishan; SCLS, Sichuan,
Leshan; SCMG, Sichuan, Meigu; SCTJH, Sichuan, Tangjiahe; SCTQ,
Sichuan, Tianquan; SCWL, Sichuan, Wolong; SCYJ, Sichuan, Yajiang;
SHXNS, Shanxi, Ningshan; SHXYA, Shanxi, Yanan; VIET, Vietnam;
YNALS, Yunnan, Ailao Mountain; YNBM, Yunnan, Baimang Snow
Mountain; YNZD, Yunnan, Zhongdian. c-e. Ecological niche modeling
of N. confucianus using 19 bioclimatic variables. The predicted potential
distribution in different periods, including LIG (c), LIG (d), LGM, and
the Future (e) were compared with the current period and mapped on the
world topographic map in ArcGIS [9.0]

Range Shift Revealed by ENM

N. confucianus in different periods by Maximum Entropy
Modeling (Phillips and Dudik 2008).
The ENM-based potential distribution range of the LIG
showed expansion in the northwest, while the LGM range
was clearly larger than at current, with expansion in northeast
of China and nearby regions (Fig. 3c and d). Ranges in the
southwest of China remained fairly stable during these periods
(Fig. 3c, d and e). Predicted suitable habitats of N. confucianus

The sampling sites (including data from Genbank) of the present study nearly covered the whole distribution range of
N. confucianus. Museum records referring to this species included several misidentifications, so only the distribution coordinates of voucher specimens included in the molecular
analyses (Fig. 1) were used to infer the potential range of
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Fig. 4 Demographic dynamics of N. confucianus . a-d extended Bayesian skyline plots based on the concatenated mtDNA dataset. The y-axes give the
population size, and the x-axes give the time in a unit of Mya

in the future scenario showed a slight trend of range contraction
relative to the current distribution (Fig. 3e). Interestingly, the
predicted potential range of N. confucianus during the current
period is slightly larger than the range occupied in the present
study and included the Shandong Pensisula as a currently unoccupied potential range of N. confucianus.

Discussion
Evolutionary History and Diversification
of N. confucianus
Divergence time of N. confucianus inferred from molecular
data in the present study was generally in accordance with the
earliest fossil records that dated to the early to middle
Pleistocene. The phylogenetic tree reconstructed from
mtDNA and nuclear DNA showed different phylogenetic patterns, which is common in recently diverged species (Pages
et al. 2013). Statistical analyses indicate a clear pattern of
ecological and geographical partition among three clades recognized within N. confucianus. The current distribution range
of N. confucianus coincides with the eastern portion of the

BHu Huanyong Line^ (Hu 1935) and the 400 mm annual
precipitation line in eastern China.
The extant ENM model predicted a distribution of this
species that is slightly larger than its current range in northern
China, which may indicate incomplete sampling or the potential for continued geographical spread. Moreover, ENM only
included enviromental characters in modeling, while biotic
factors, such as competition and predation among species,
were not included in the analyses althrough they likely play
important roles in shaping the current distibution pattern of
N. confucianus. Similar to several endemic small mammals
(Ge et al. 2017), the overall range of N. confucianus is relatively constant in the southwest of China during four climatic
periods investigated. However, slight range expansion during
LIG and LGM was observed in the central and north of China,
which likely related to the range expansion of temperate coniferous forest in these regions (Wang et al. 2017). These
results are in accordance with our hypothesis of limited range
shifts in the habitat generalist N. confucianus during the late
Pleistocene environmental extremes (Vrba 1992).
Niviventer and Rattus represent two highly diversified taxa
within the tribe Rattini (Pages et al. 2010). Rattus underwent
rapid speciation and expansion with limited morpholological
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variation (Pages et al. 2011; Rowe et al. 2011; Robins et al.
2014). In contrast, species within Niviventer show high genetic diversity as well as morphological disparity, resulting in
clear morphological and genetic differentiation among species
and natural populations (Lu et al. 2015). More than ten subspecies have been established for N. confucianus (Musser and
Carleton 2005). Although the validity of these taxa remains to
be re-evaluated, they are indicative of quick intraspecific morphological diversification. The morphological differentiation
is consistent with the in situ separation of local populations
during the late Pleistocene, whose persistence as geographically differentated lineages is evident from the existence of
intraspecific subclades C1, C2, and C3.

Population Expansion of N. confucianus
Global extinction and population contraction of large-sized
mammals in the late Pleistocene, likely due to a combination
of climatic and anthropogenic effects (Cooper et al. 2015;
Pires et al. 2015; Bartlett et al. 2016), have impacted ecological communities worldwide. Concurrently, introduced species and some smaller native mammals became key components in terrestrial ecosystems (Pires et al. 2014). For example,
deer mice (Peromyscus spp.) in North America gained dominance after the extinction of large herbivores and carnivores,
and showed recent population expansion (Zheng et al. 2003).
These animals are habitat generalists with high reproductive
rates and broad climatic tolerances in North America.
Niviventer confucianus represents this kind of species in
Asia, which shows rapid diversification since the late
Pleistocene. It also appeared as one of the most successful
groups of Asian Murinae in regard to their distribution range
and dominance status in local communities.
The population size of N. confucianus expanded from approximately 0.15 Mya in southern China and subsequently in
central and northern China. During the late Pleistocene, more
specifically at the Ionian stage, mammalian fauna renewal
occurred in large parts of the world (Palombo and Valli
2005). Population expansion of N. confucianus (Clade C3)
around Sichuan basin started near this period. However, the
situation in temperate and tropical regions of Asia was different from the Americas, Europe, and Australasia. For example,
20 of 21 identified mammalian taxa were continuous from at
least 100,000 y ago to the present in the Indian subcontinent
(Roberts et al. 2014). A similar trend was evident from relatively stable population dynamics of several small-sized vertebrate and plant species in the south of China (Huang et al.
2013; Wang and Ge 2006). Here, we find relative stable evolutionary dynamics of clade C1 in Yunnan-Tibet (Fig. 4),
which is indicative of moderate distributional change in this
region during the late Pleistocene.
Unlike the situations in Southeast Asia and the most southwestern region of China, increase of climatic fluctuations or

human activities drove extinction and range contraction of
large mammals in central and northern China since the late
Pleistocene (Cai et al. 2015; Malhi et al. 2016), and resulted in
more abundant natural resources for small-bodied species.
The population increase of N. confucianus is likely linked to
a decrease of both predators and competitors, particularly
large- to mid-sized carnivores and herbivores in forests. For
example, a large proportion of extinct megafauna in northen
China, such as Bos primigenius, Coelodonta antiquitatis, and
Mammuthus primigenius, is restricted to the late Pleistocene
(Turvey et al. 2013). All species within Feliformia and a large
number of ungulates are now reduced to small populations
and ranked as endangered (Jackson and Nowell 1996;
Brodie 2009; Dickman et al. 2015; Hoffmann et al. 2015).
One major likely competitor of N. confucianus, Apodemus
draco showed prominent recent population expansions (Fan
et al. 2012), but this species is confined to the south of China.
Reduced predation pressure and competition in central and
northern China likely contributed to the population increase
of N. confucianus.
N. confucianus is an omnivore that can feed on rice, wheat,
bean, and sweet potato, which are widely grown in China
throughout the range of this species (Peng and Guo 2014).
Moreover, a recent study revealed seed hoarding behavior of
N. confucianus (Chang and Zhang 2011), which likely helps
this species to survive during climate cooling. Due to the wide
range of environmental tolerance and food choice, the development of agriculture also appeared to facilitate the expansion
of N. confucianus among different mountain ranges. For example, a 29-year (1985–2014) survey reported the prominent
increase of N. confucianus in the natural mammal community
of Xi County (110.25–110.91 E, 36.50–36.91 N), Shanxi
Province, which was mainly due to the adjustment of agricultural practices and development of forest and fruit industry
(Zou et al. 2015). The increase of human impact on terrestrial
ecosystem probably will provide future opportunity for northward expansion of this species.
After the loss of the megafauna, the rapid population expansion of N. confucianus that is continuing today likely will
increase the number of parasites and pathogens, which can
proliferate with the increasing of transmitters, and then increase the risks for spreading rodent-borne diseases. Similar
observations have been made in studies in Africa showing that
declines in large wildlife increased landscape-level prevalence
of rodent-borne disease (Young et al. 2014).

Conclusion
Our analyses describe the distribution range, phylogenetic
structure, and evolutionary dynamics of N. confucianus.
While the Quaternary climatic oscillations had few impacts
on this species’ range, the decline of megafauna in this region
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has apparently resulted in a dramatic increase in population
size. A long-term effect of these faunal changes is the likely
rise of infectious diseases and a greater chance for transmission to humans, which may be an indirect result of the loss of
the megafauna.
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